Integral membrane proteins constitute more than third of the total number of proteins present in organisms. Solubilization with mild detergents is a common technique to study the structure, dynamics, and catalytic activity of these proteins in purified form. However beneficial the use of detergents may be for protein extraction, the membrane proteins are often denatured by detergent solubilization as a result of native lipid membrane interactions having been modified. Versatile investigations of the properties of membraneembedded and detergent-isolated proteins are, therefore, required to evaluate the consequences of the solubilization procedure. Herein, the spectroscopic and kinetic fingerprints have been established that distinguish excitons in individual detergent-solubilized LH2 light-harvesting pigment-protein complexes from them in the membrane-embedded complexes of purple photosynthetic bacteria Rhodobacter sphaeroides. A wide arsenal of spectroscopic techniques in visible optical range that include conventional broadband absorption-fluorescence, fluorescence anisotropy excitation, spectrally selective hole burning and fluorescence line-narrowing, and transient absorption-fluorescence have been applied over broad temperature range between physiological and liquid He temperatures. Significant changes in energetics and dynamics of the antenna excitons upon self-assembly of the proteins into intracytoplasmic membranes are observed, analyzed, and discussed. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Artificial.
Introduction
Integral membrane proteins are ubiquitous in many life-supporting functions, such as selective transmission of information and matter across the membrane, immune response, photosynthesis, and respiration. Solubilization with mild detergents is a common technique to study the structure, dynamics, and catalytic activity of these proteins in purified form. However beneficial the use of detergents may be for protein extraction, the membrane proteins are often inactivated by detergent solubilization as a result of native lipid membrane interactions having been modified. Versatile comparative investigations of the properties of native membrane-embedded and detergent-isolated membrane proteins are, therefore, required to evaluate the consequences of the procedure [1] .
The biological machinery driving photosynthesis comprises an elaborate assemblage of membrane proteins that include chlorophylls and carotenoids as the main harvesters of sunlight [2] . The purple non-sulfur bacterium Rhodobacter (Rb.) sphaeroides is one of the best-characterized photosynthetic species due to its genetic and physiological flexibility [3, 4] . The light harvesting (LH) antenna pigment-protein complexes of the photosynthetic bacteria are among the most studied membrane proteins; they absorb solar photons and transfer the resulting exciton energy to the photochemical reaction center (RC), where it is transformed into potential chemical energy [5] . The relative spatial arrangement of the antenna and RC complexes has been determined by spectroscopic methods [6, 7] and notably by atomic force microscopy [8] [9] [10] [11] [12] . In the wild type purple non-sulfur bacterium Rb. sphaeroides, the photosynthetic apparatus is organized into intracytoplasmic chromatophore vesicles of nearly spherical shape of 50-60 nm diameter [13] . The core LH1 and peripheral LH2 light-harvesting complexes, along with a smaller number of the RC complexes, mainly populate the chromatophore membranes. The success of photosynthesis thus depends on ultrafast events, in which up to hundreds of membrane proteins are cooperating in a multistep process of solar energy funneling to the RC. The basic building block of the peripheral LH2 antenna protein complex from Rhodopseudomonas (Rps.) acidophila is a heterodimer of α-helical α-and β-apoproteins, each non-covalently binding three bacteriochlorophyll a (Bchl) molecules [14] . Build-up of the LH2 complexes from Rb. sphaeroides is similar [15, 16] . A remarkable feature of the organization of the 27 Bchl molecules in the 9-membered LH2 rings is their partition into two concentric pools. Eighteen of the Bchl molecules form a ring of overlapping Bchls in a water-wheel arrangement. The other 9 pigments in the opposite side of the membrane are more loosely packed. These molecules also have their bacteriochlorin planes oriented perpendicular to the symmetry axis of the protein.
In the present work, optical spectral and ultrafast (subpicosecond to nanosecond) kinetic responses that accompany self-assembly of the peripheral LH2 antenna complexes from Rb. sphaeroides into extended, genetically modified membrane vesicles containing associations of LH2 as the sole LH complexes (further dubbed as membranes) in buffer solution are systematically studied. When corresponding data are available, useful comparison with the LH2 and LH3 complexes from Rps. acidophila are made. The different spectroscopic techniques applied to distinguish spectrally and kinetically the individual purified LH2 complexes from their interconnected membrane-embedded ensembles include conventional broadband absorption-fluorescence emission, fluorescence anisotropy excitation, spectrally selective hole burning and fluorescence line-narrowing, and transient absorption and fluorescence. The studies have been carried out in a wide temperature range spanning from liquid He to physiological temperatures. Low temperatures and spectrally selective methods are necessary for uncovering homogenous spectral characteristics from inhomogeneously broadened ensemble spectra.
Spectroscopic properties of the LH2 complexes in bufferdetergent solution have been extensively studied (see, e.g., [5, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] for representative examples). While free in organic solvents, the lowest singlet (Q y ) electronic transition of the Bchl molecule is located in the near-infrared region at~775 nm [35] . Significant red shifts (moves toward lower energy) of this transition are observed in the antenna systems: the 9 loosely packed Bchl molecules give rise to an absorption at 800 nm (the B800 band), while the 18 tightly packed pigments, to an absorption at 850 nm (the B850 band). The prime origin of these red shifts is interactions between the transition densities of the Bchl molecules along with the interactions between each Bchl and the surrounding protein. The former couplings cause the so-called exciton shift due to stabilization of the delocalized excited state, while the latter interactions lead to the solvent/protein shift. Universal dispersion couplings aside, the factors that contribute most into the protein shift are hydrogen bonding and various conformational interactions. The position of the Bchl Q y transition thus constitutes a sensitive intrinsic molecular probe that is able to monitor both the state of intermolecular couplings and the supramolecular organization of the antenna protein complexes with sub-nanometer spatial resolution [36] . Although extra red shifts of the absorption spectra, related to self-assembly of the antenna pigment-protein complexes into photosynthetic membrane are routinely observed, comparative studies of the spectral properties of the individual LH2 complexes and their membrane-embedded ensembles have been relatively rare as well as fragmented [22, 31, [37] [38] [39] [40] [41] [42] [43] .
Experimental

Samples
The purified into detergent micelles and self-assembled into native photosynthetic membrane vesicles LH2 complexes from Rb. sphaeroides 2.4.1 strain were prepared as described earlier [44] [45] [46] . Cultures of a Rb. sphaeroides strain with deleted antenna and reaction center genes were grown semiaerobically in a rich medium. After harvesting, the cells were resuspended in TEN (20 mM Tris-HCl buffer at pH 8.0 containing 1 mM EDTA and 0.1 M NaCl) and lysed at 20,000 psi in a French pressure cell. The cell extracts were incubated with DNAse and then centrifuged for 30 min at 8000 rpm (Sorvall GS3 rotor) to remove whole cells and debris. The LH2 complexes were isolated by high-speed 45,000 rpm centrifugation for 16 h (Beckman Ti45 rotor) on a 0.3, 0.6 and 1.2 M sucrose step gradient containing TEN and 0.2% LDAO. The final preparations were suspended in a TEN to yield a desired absorbance in the experimental cell. The samples for low-temperature/temperature-dependent studies were prepared by dilution with glycerol (1:2 volume ratio). In this case also the detergent (LDAO) concentration was increased to~1% to maintain the LH2 complexes as well separated units over long period of experimental time [1, 47] . As shown in [31] , adding glycerol slightly stabilizes (red-shifts) the room-temperature spectra of preparations from Rb. sphaeroides, but practically does not influence the spectra of those from Rps. acidophila.
Steady-state spectroscopy
The absorption spectra of LH2 complexes and membranes were taken using spectrophotometer Jasco V-570 (Jasco Corporation).
The emission spectra measurements were performed with the system consisting of Ti:sapphire solid state laser (model 3900S, Spectra Physics) pumped by an Ar + ion laser (model 171, Spectra Physics) and a 0.3 m spectrograph (Shamrock SR-303i, Andor Technology) equipped with an electrically cooled CCD camera (DV420A-OE, Andor Technology). The spectral resolution of measurements varied between 0.1 and 0.8 nm, depending on the grating applied. The wavelength scale of the spectrometer was determined with the precision of ±0.1 nm by a calibration lamp. The emission spectra were recorded at 90°geometry with respect to the excitation light beam. The spectra were corrected for the spectral sensitivity of the detection system. Measurements at low temperatures were performed in a liquid helium cryostat (Utreks) equipped with a temperature control system. The sample solution, fixed between two quarts plates about 1.5 mm apart or in 4 mm diameter gelatin capsules, was slowly cooled down to 5 ± 0.5 K. The temperature dependences were generally measured from higher to lower temperatures to avoid confusion due to characteristic hysteresis of spectral parameters, typical for glassy systems. Care was taken to avoid reabsorption effects on the fluorescence emission spectra (as well as on fluorescence decay times) due to high optical density (OD) of the specimen. OD of the samples used for these measurements was generally below 0.1 (recorded at B850 absorption band maximum at ambient temperature). For anisotropy measurements the emitted light path was equipped with two polarizers. The first one was used as an analyzing polarizer, which direction was turned to either parallel or perpendicular with respect of vertically polarized excitation beam. The second one, installed at 45°to polarization of excitation beam was used to correct the polarization data due to the influence of the detection system. The fluorescence anisotropy spectrum was calculated according to the following equation:
where I vv (ω) and I vh (ω) are the fluorescence intensities polarized, respectively, in parallel (index vv) and perpendicular (vh) with respect to the vertically linearly polarized excitation light. In high-resolution hole burning (HB) [48] , fluorescence line narrowing (FLN) [48] , and differential FLN (ΔFLN) [49] measurements the excitation laser linewidth was 0.5 cm − 1 . For HB transmission measurements, a high stability tungsten lamp source BPS100 (BWTek) was used. The burning laser intensity and burning times were adjusted, respectively, between 0.2 and 100 mW/cm 2 and between 10 and 300 s to find proper holes without saturating the sample. No degradation of the samples or nonlinear excitation effects was observed at average excitation light intensities ≤100 mW/cm 2 .
Transient femto-picosecond spectroscopy
The applied femtosecond differential absorption spectrometer setup has been described [46] . Briefly, a commercially available 1 kHz repetition rate Ti: Sapphire Regenerative Amplifier (Model CPA-1000, Clark-MXR) was used as a source of femtosecond light pulses at 775 nm. The split source pulses were utilized to generate tunable pump pulses in an optical parametric amplifier (OPA) (Clark-MXR) and to produce spectral continuum for the probe and reference pulses. The 12-15 nm wide OPA pulses were further narrowed to 4-5 nm by using band-pass interference filters (Omega Optical) resulting in~200 fs spectral bandwidth-limited pump pulses. The angle between linearly polarized pump and probe beams was 54.7°. A stepping motor-driven delay line controlled the variable time delay between the probe/reference and pump pulses. The spectral content of the sample response was recorded with 1 nm resolution using the SpectraPro-275 spectrograph (Acton Research) equipped with a dual array CCD detector (ST-121, Princeton Instruments).
The picosecond emission spectrometer (picosecond spectrochronograph) used has been described [50, 51] . In the present version, it consists of a Coherent 700 styryl-9M mode-locked dye laser, synchronously pumped at 76 MHz by a Coherent Antares 76S Nd-YAG laser as an excitation source with 3-5 ps pulsewidth, a subtractive-dispersion double-grating monochromator (LOMO), as a spectral analyzer, and a home-built synchroscan streak camera as a fast detector. The streak camera was linked via a vidicon to an OSA 500 Optical Spectrum Analyzer (B&M Spektronik). The scattering from the sample at excitation wavelength was recorded and used as an instrument response function. Low pulsed excitation light intensity was applied to avoid excited-state lifetime distortions due to singlet-singlet or singlet triplet annihilation [52, 53] .
Global as well as simple one-wavelength analysis of the kinetics has been performed. The decay times, τ, were calculated using a least squares fitting algorithm assuming multi-exponential kinetics and taking into account the finite instrument response function (200 fs for femtosecond measurements and 20-25 ps for picosecond measurements). The time resolved fluorescence emission spectra, I(λ, t), were built as
where the sum was taken over the number of kinetic components used in the fitting procedure (see [54] for more details).
Results and discussion
Sample characterization by dynamic light scattering
Dynamic light scattering (DLS) [55] was used to characterize aggregation state and size of the LH2 complexes in the sample solution at ambient temperature (25°C). In this technique, a laser light scattered by a diffusing particle is analyzed in terms of the temporal field autocorrelation function. From the known dependence of the correlation function measured over a wide range of times on the diffusion properties of the particles, a distribution of hydrodynamic radii, R h , of the scattering units can be obtained.
The results obtained by applying a DynaPro-MS/X (Protein-Solutions Inc.) particle-sizing instrument are shown in Fig. 1 . The data meet ones expectations that hydrodynamic radii of the vesicular membrane particles and detergent-isolated LH2 complexes are very different. The histogram for the membrane vesicles (Fig. 1a) contains a single band centered at R h = 64 ± 16 nm. Significantly smaller radius of 26.5 nm has been found in [16] applying the statistically probably less reliable atomic force microscopy technique. The solution of isolated LH2 complexes (Fig. 1b) reveals three bands corresponding to R h = 3.0 ± 0.5 nm, R h = 72 ± 22, and R h = 2910 nm. It is known that the larger particles scatter light much stronger than do the smaller particles, therefore, greatly exaggerating their prominence in the scattering spectrum. Therefore, relative masses of the particles are also indicated by red histograms in Fig. 1b (scale in the right hand side). As seen, the left-most peak at R h = 3.0 ± 0.5 nm by far dominates (>99%) the spectrum in terms of the overall mass of scattering particles. Judging by rough agreement with the size of the detergentstabilized LH2 complexes of Rb. sphaeroides estimated from the small angle X-ray scattering data [56] , it can be assigned to isolated LH2 complexes. This radius is also consistent with the 6.2 nm diameter of the complexes reconstructed from electron micrographs of the twodimensional crystals [15] . The rest two bands at R h =72±22 nm and R h =2910 nm, being minor by mass (bb1%), correspond to the membrane traces and the occasional dust, respectively. We thus conclude that the solution in Fig. 1b primarily contains well-isolated LH2 antenna complexes. temperature ( Fig. 2a ) and at 5 K (Fig. 2b) . Visible in the absorption spectra are two main bands: the B800 band with a peak at about 800 nm and the B850 band that absorbs around 850 nm. As already explained in Introduction, both these bands are related to the Q y electronic transition in individual Bchl molecules. The notable spectral variance of the two bands is due to separate Bchl associations in the LH2 structure that support different type of excitations. Responsible for the B800 band are 9 Bchl molecules in loose arrangement, whereas the 18 strongly excitonically coupled Bchl molecules give raise the B850 band [5, 20, 21, 23] . In membranes the B850 band is a few nanometers (1.1 nm at 295 K and 3.3 nm at 5 K) more red shifted than in isolated complexes. The B800 absorption band of mostly localized excitations seems not to feel this subtle change of the surroundings. The B850 band is generally also wider than the B800 band. Selective and single-molecule spectroscopy data agree in showing that while the latter band is inhomogeneously broadened, the former band is largely homogeneous [21, 29] . The long-wavelength limit of the exciton absorption band at around 890-900 nm is clearly seen in the 5 K spectra. At ambient temperatures the red tail of the spectrum is more extended, one reason being the anti-Stokes absorbance from the thermally populated ground-state vibrational levels (see below).
Conventional steady-state absorption and fluorescence emission spectra
The Stokes-shifted fluorescence emission is related to the B850 absorption band, being thus basically of the exciton polaron/selftrapped exciton origin [23, 57, 58] . Only at close to ambient temperatures a weak additional shoulder around 802 nm can be noticed. This feature is due to thermally populated B800 states and it rapidly fades out with decreasing temperature, becoming immeasurable weak at 5 K [52, 59] . The Stokes shift between the absorption and fluorescence spectra changes with temperature: it is generally much larger in membranes than in isolated complexes due to connectivity between the membrane light-harvesting complexes (see below). Except lowest temperatures, the fluorescence spectra are wider compared with the respective absorption spectra. Since mostly the B850 states are active in physiological energy transfer pathways [23] , we shall further primarily concentrate on this (exciton) sub-system. Fig. 3 reveals strikingly different temperature dependences of the B850 absorption and fluorescence emission spectra. The spectra are characterized by just two parameters, their peak energy and bandwidth; the latter being defined as full width at half maximum, FWHM. While there is only a few nanometers red shift and some narrowing of the absorption spectra upon decreasing temperature both in isolated and membrane samples, the changes in fluorescence emission spectra are relatively huge. Similar spectral disparities in the case of isolated LH2 complexes from Rps. acidophila have recently been successfully explained [58] taking into account distinct origin of the photo-excitations that give raise to absorption and fluorescence emission spectra.
Comparing separately the absorption and fluorescence spectral dependences for isolated and membrane complexes, the differences are subtle, but still notable. The spectra of membrane particles are systematically redder (i) as well as broader (ii), their fluorescence spectra showing much more prominent temperature dependence both in terms of the positional shift rate (iii) as well as deepness of the red-shift irregularity at intermediate temperatures (10-70 K) (iv). It is important to notice that these differences are insensitive to the direction of the temperature change, from higher to lower or vice versa.
As we will show shortly (see Fig. 4 ), the features (i) and (ii) equally speak for somewhat loosened protein structure, consequently, a smaller exciton coupling energy in detergent micelles compared with that in intact membrane surroundings. This conclusion correlates also well with the fact that the membrane LH2 complexes from Rb. sphaeroides are more resistant than the isolated complexes against externally applied high pressure [22, 41] .
Estimates of the exciton coupling energy in cyclic bacterial antennas can be obtained from the fluorescence anisotropy excitation spectra [60, 61] . Fig. 4 shows the result of such measurements for isolated and membrane LH2 complexes, where the two anisotropy dips, one at low, another at high energy, mark the edges of the exciton state manifolds [58] . While the high-energy dips at 763.0 nm in the two samples practically coincide, the low-energy dips (at 843.5 nm in isolated complexes and at 846.8 nm in membrane complexes) are shifted relative to each other by 3.3 nm, which is precisely the relative sift between respective absorption bands. The same mechanism (shrinkage of the exciton band, from 1297 cm − 1 in membranes to 1251 cm − 1 in isolated complexes) also explains narrower B850 absorption band in isolated complexes. It is of notice that in contrast to Rb. sphaeroides, the isolated and native membrane-embedded LH2 complexes from Rps. acidophila have almost identical absorption spectra and, consequently, exciton bandwidth (unpublished data). The features (iii) and (iv) requires more involved discussion. As can be seen from Figs. 2 and 3b, the B850 fluorescence band positions for isolated and membrane samples have rather different temperature dependence. While the band peaks almost coincide at ambient temperature, they are at 5 K separated by 169 cm
. Advanced red shift of the fluorescence peak in membranes (feature (iii)) is expected due to the ability of energy transport along the inter-connected network of the LH2 complexes, and resulting excitation energy concentration into the lowest-energy ensemble states [45, 46, 52, [62] [63] [64] [65] . Somewhat surprising, however, is that such energy funneling does not lead to simultaneous narrowing of the membrane emission spectra relative to the spectra of isolated complexes (see Fig. 3d ). The most probable reason for this is the well-known structural heterogeneity of the membranes restraining the excitation energy transfer. Instead of reaching the lowest-energy states, the excitons at low temperatures may have stuck in local minima of the rough potential energy surface corresponding to specific LH2 associations/conformations. Existence of multiple antenna protein rafts has been documented by atomic force microscopy [8] [9] [10] [11] 16, 66, 67] . Occurrence of a minimum around 50 K in the temperature dependence of the fluorescence band position (feature (iv)) implies presence of at least two competing with each other band-shift mechanisms. As shown in [58] , the dominant factor determining the fluorescence band shape at higher temperatures is thermal population of the upper-energy exciton polaron states. In contrast, the blue shifting of the fluorescence peaks below~50 K is related to the emergence at low temperatures of intense zero-phonon lines (ZPL) at origins of the homogenous spectra [68] . The prominence of the blue shift in membrane spectra is explained by their larger inhomogeneous width (see Fig. 3d ). We shall elaborate these subtleties in more detail in subsequent Sections 3.3 and 3.4.
3.3. Selective spectroscopy at low temperatures revealing spectral disorder effects of the LH2 antenna excitons and exciton polarons Considerable heterogeneity of spectral characteristics of purified LH complexes has been noticed [25] [26] [27] [28] [29] 40, [45] [46] [47] 57, 62, 64, [69] [70] [71] [72] [73] [74] [75] . The disorder effects are best studied at low temperatures when exciting with spectrally narrow excitation light at the red edge of the lowest-energy absorption band. As follows selective spectroscopy data for purified and membrane LH2 complexes are compared and discussed. The previous selective spectroscopy studies [25, 47, 69, 72] that primarily concerned isolated complexes agree with the present more detailed results.
Plotted in Fig. 5 as a function of excitation wavelength for isolated (black squares) and membrane (red dots) LH2 samples at 5 K are the fluorescence emission peak position (Fig. 5a ), the energy gap between the excitation laser frequency and the fluorescence maximum frequency (Fig. 5b) , and the FWHM of the emission spectrum (Fig. 5c ). The energy gap and width parameters are defined in Fig. 6 below. Shown also in Fig. 5a with black and red drop lines are the respective inhomogeneously broadened distributions of the lowestenergy exciton polaron states (SDF) of the B850 aggregate in isolated and membrane LH2 complexes. The SDF is routinely measured as a distribution of the zero-phonon hole depths at constant burn fluence [25] . At low temperatures, the states from SDF are the origins of the fluorescence emission spectra. Both internal (intra-complex) and external (inter-complex) disorders contribute into the experimental SDF [40, 73, 76, 77] . Random variations of diagonal (transition energies of the sites) and off-diagonal (exciton coupling) energies in each and every antenna complex cause the former disorder, while fluctuations of the mean transition energy of the Bchl sites in different B850 aggregates create the latter disorder. Only the internal disorder is subject to dynamic (motional) narrowing [78] .
As can be seen from Fig. 5a , the SDF for the membrane samples is more red shifted and considerably broader than it is for isolated complexes. The SDF in isolated (membrane) complexes peaks at 864.9 ± 0.5 nm (870.0 ± 0.5 nm), its FWHM being 148 ± 10 cm − 1 (202 ± 15 cm − 1 ). The numbers for isolated complexes match well the previously reported data from this [70] as well as other laboratories [27, 29] . The redder position of the membrane SDF is rather expected from the above comparison of the absorption spectra. The somewhat larger peak shift of SDF (5.1 nm) than the absorption spectra (3.3 nm) is also understandable. According to the simplified disordered Frenkel exciton model [5, 21, 76] , the B850 absorption peak is related to the k = ±1 exciton states, while the lowest state, to the k = 0 state (see the calculated density of the exciton states in Fig. 9b ). The stronger exciton coupling in membranes evidenced by Fig. 4 results in larger energy gap between these states, pushing the lowest k = 0 state further toward red. Furthermore, the excitation energy transfer between the inter-connected LH2 complexes in extended network of the membrane vesicles, in principle, tends to reduce hole-burning efficiency. The transfer processes, being more effective at higher energies, potentially suppress the blue side of the SDF, hence causing its apparent red shift. At the same time, both the latter mechanisms (increased exciton coupling and energy transfer) would be expected to bring in some narrowing of SDF. Considerably broader SDF in membranes thus speaks for increased internal and/or external disorders in the membrane environment, in conformity with the conventional absorption-fluorescence spectra in Fig. 2 . Different authors generally agree upon the peak positions of the SDF. However, the reported widths of SDF deviate considerably [25, 27, 29] . The FWHM obtained for isolated complexes varies between 135 ± 10 cm − 1 [27] and 190 ± 10 cm − 1 [29] . The present value of 148 ± 10 cm − 1 agrees within the experimental uncertainty with the former number. The only previous estimate for the FWHM of SDF in membranes [25] is 60 cm . The fluorescence maximum, energy gap, and FWHM dependences in Fig. 5 upon excitation with narrow laser line clearly demonstrate beginning of spectral selectivity at the long-wavelength tail of the absorption spectra close to the SDF maximum. The major selectivity features, all rather similar in both isolated and membrane LH2 samples include linearly correlated shift of the fluorescence spectrum with excitation wavelength (i) (Fig. 5a) , and minimized energy gap (ii) (Fig. 5b) and emission bandwidth (iii) (Fig. 5c) values. The selectivity in membranes sets in at slightly longer wavelengths compared with isolated complexes, being associated with the redder position of their absorption and SDF bands. Remarkably, however, at the far-red edge of the absorption spectra past about 880 nm the peak, gap, and FWHM parameters for isolated and membrane samples practically coincide.
The various bumps and wiggles apparent in the curves of isolated complexes that roughly correlate with spectral positions of the higher-energy exciton states, first of all the ±1 states at around 850 nm and the ±2 states at around 840 nm (indicated in Fig. 5 with dashed lines), show that limited spectral selectivity is present even with respect to these states (see also [47, 69] ). Considerably larger inhomogeneous broadening and fast energy transfer specified below washes out these structures in the membranes. As seen in Fig. 5a , the fluorescence band position is rather insensitive to the excitation frequency in the high-energy range. This is the Kasha-Vavilov's rule at work in excitonically coupled system. The energy gap (Fig. 5b) , which initially decreases almost linearly with excitation wavelength, goes through a minimum and starts to rise. The minimum gap value in isolated complexes, where selectivity is better, is 111 cm
The behavior of the fluorescence bandwidth (Fig. 5c ) is most complex. It reflects an intricate interplay of spectral selectivity and exciton polaron properties. Qualitatively, however, the FWHM dependence follows that for the energy gap. The long-wavelength rise of the gap and FWHM is related to the already noted increase of the homogeneous spectral width and electron-phonon coupling strength. As demonstrated in [72] , all these features can be reasonably well reproduced theoretically.
Interesting dichotomy has been observed for the Rb. sphaeroides membrane data. There appears to be two regular types of samples whose fluorescence spectra at non-selective excitation are typically shifted relative to each other by 60-70 cm 
Homogeneous exciton polaron lineshapes in dependence of the excitation wavelength
We have already noted that almost all specific differences between the isolated and membrane samples seem to vanish at long wavelengths above about 880 nm. This implies similar physical properties of the photo-excitations in these samples. Here, we provide the results of a detailed study of the homogenous line shapes of lightharvesting exciton polarons in isolated and membrane LH2 complexes obtained by ΔFLN spectroscopy [49] . Low fluences below 1 J/cm 2 are applied to avoid spurious excitation intensity effects [72] (see Table 1 ). Shown in Fig. 6a with olive scattered line is the ΔFLN (homogeneous) spectrum for the membrane LH2 complexes at 878-nm excitation. This wavelength corresponds to about half intensity of the respective SDF from the long-wavelength side (see Fig. 5 ). The same spectrum albeit in energy scale is drawn in the inset of Fig. 6a . To demonstrate clearly the phonon wing (PW) structure of the spectrum, the intense ZPL at spectral origin is removed. As can be seen, the phonon sideband of 238 cm − 1 FWHM peaks at 86 cm
. There is as well a low-frequency structure at~25 cm − 1 . (The latter two frequencies are counted relative to the ZPL origin.) Fig. 6a also presents the pre-burn (black line) and post-burn (blue line) FLN spectra in order to show the energy gap and FWHM measures of the selective spectra used in Fig. 5 . In these FLN spectra the ZPL are truncated at a few percent intensity levels. Fig. 6b provides the ΔFLN spectra for isolated complexes. The spectra normalized with respect to PW areas are measured at different wavelengths along the longwavelength tail of the absorption spectrum. The increasing Stokes shift of the PW maximum, its broadening, and loss of fine structure present a clear evidences of growing exciton-phonon coupling strength with excitation wavelength, in very good agreement with our earlier studies [23, 72] .
The exciton-phonon coupling strength (also called the HuangRhys factor), S, can be evaluated from the experimental spectra as:
where I PW (λ ex ) and I ZPL (λ ex ) are, respectively, the integral intensities of PW and ZPL at the particular excitation wavelength λ ex . The S dependence on λ ex for LH2 complexes at 4.5 K is demonstrated in the inset of Fig. 6b . Representative values of the gap, FWHM, and S parameters for the isolated LH2 complexes as a function of excitation wavelength are collected in Table 1 . The ΔFLN spectra of isolated and membrane LH2 complexes almost overlie at the red edge of the spectra, which of course is not surprising, given the data of Fig. 5 discussed earlier. It is also important to notice that very similar selective spectroscopy data as described in Sections 3.3 and 3.4 with respect to the LH2 complexes from Rb. sphaeroides have been obtained for LH2 and LH3 complexes from Rps. acidophila as well as for a mutant LH2 complex from Rb. sphaeroides, which lacks the B800 molecules. These facts imply generality of the obtained results.
3.5. Nanosecond excited state decay as a function of temperature and fluorescence emission wavelength Fig. 7 depicts temperature dependences of the relative (with respect to the 5 K value) fluorescence yield, Q, and decay time, τ, for isolated and membrane LH2 complexes in the range of 5-300 K. While the yield measurements accounted for the whole emission spectrum, in the lifetime measurements the fluorescence was recorded at 870 nm (complexes) or at 890 nm (membranes) with 4-nm or 12-nm slit widths, respectively.
The yield and lifetime dependences are similar for separate samples but appear very different if the data sets for isolated complexes are compared with those for the membrane complexes. In isolated complexes, in agreement with previous reports [28, 57] , the Q and τ values stay constant at low temperatures up to~175 K and then gradually decline by 30-35% at ambient temperature. In membranes, in contrast, the temperature-induced drop of these parameters begins immediately at the lowest temperature continuing all the way up to ambient temperatures, where only about 20% of their initial value is left. Such strong quenching of the membrane emission can be understood within the already used paradigm of structural and spectral heterogeneity of the energetically inter-connected network of LH2 complexes. Occasional quenchers (of still unidentified nature) Table 1 The phonon sideband parameters of isolated LH2 complexes from Rb. sphaeroides as a function of the excitation wavelength. localized in separate membrane areas become increasingly available for quenching with raising temperature. The nearly parallel dependences of Q and τ found both in isolated and membrane samples imply constant radiative decay rate
This is certainly true in case of isolated complexes at low temperatures, as shown by solid black line in Fig. 7 . Yet the present data do not allow such strong conclusions toward physiological temperatures due to rising experimental uncertainty at high temperatures, especially in membranes. Fig. 8a demonstrates significant fluorescence decay time dependence on recording wavelength in both isolated and membrane LH2 complexes at 5 K. The fluorescence was excited at 800 nm and recorded with spectral resolution of 4 nm. The longest lifetime in isolated complexes (τ = 1.73 ± 0.02 ns) is recorded at the blue edge (854 nm) of the emission spectrum. Toward longer wavelengths the τ gradually shortens, reaches a minimum value of~1.1 ns at~913 nm, and then rises again until around 950 nm it stabilizes at 1.29-1.30 ns level. The wavelength dependence of τ weakens with raising temperature, being completely wiped out at ambient temperatures [57, 79] . Qualitatively very similar spectral and kinetic behaviors are observed in isolated LH2 and LH3 complexes from Rps. acidophila (see Table 2 ). Alas, although first reported for the LH2 complexes from Rb. sphaeroides already a decade ago [57, 71] , this strong lifetime dependence on the emission wavelength has been completely ignored in the scientific literature. The spectral dependences described above almost certainly reflect fundamental properties of the lightharvesting exciton polarons [23, 58, 72] .
As for the surprising increase of the emission lifetime around 915-930 nm in Fig. 8a , it might be related to the decay of the blueedge exciton polarons in the B850 aggregates with simultaneous creation of high-frequency local vibrations of the constituting Bchl molecules in the ground state. The line of logic goes as follows. According to [35, 80] , the Q y transition in Bchl molecules is strongest coupled to the group of modes around 726 and 900 cm − 1 . Downshifting the blue edge of the fluorescence spectrum, where the longest τ have been measured, by 726-900 wavenumbers yields 912-926 nm, almost precisely the region of the lifetime growth. Vibronic structure of the emission spectrum expected in this range (highlighted in Fig. 7b with a gray-hatched quarter) is too weak to be distinguishable under nonselective excitation; however, it can be recorded with selective excitation (paper under preparation).
In membranes not only the spectral dependence but also the fluorescence decay kinetics are significantly different from those in isolated complexes. While in isolated complexes the nearly monoexponential decay is observed at all temperatures, in membranes the kinetics is generally non-exponential (see the inset of Fig. 8b ), enforcing the use of average (weighted) lifetimes as follows:
As can be seen from Fig. 8b , the low-temperature behavior of such-calculated average membrane emission lifetimes is quite opposite to that for isolated complexes. The lifetime is short (in the range of 30 ps) at the blue edge of the emission spectrum and increases gradually toward longer wavelengths. The longest lifetime, close to the shortest lifetime in isolated complexes, is reached past 900 nm.
Dispersive kinetics have earlier been observed in the membranes of purple bacteria that only develop core antenna complexes [62, 81] , and explained [52, [62] [63] [64] [65] 82, 83] by use of directed excitation energy transfer in the spectrally inhomogeneous antenna system from high-energy complexes to the lower-energy ones. The funneling of the excitation energy into the lowest-energy states is expected to result in time-dependent spectral red shift. Such shift in tens to hundreds of picosecond time range can be easily followed at low temperatures in the membrane LH2 samples, as shown in Fig. 8b . The transient spectra in this time window roughly shift between the steady-state spectral positions of isolated and membrane samples. The transient spectrum at 760-ps delay is somewhat broader than the steady-state membrane spectrum. This implies long transfer times for considerable number of relaxation routes, the times that are comparable to the nanosecond excited state lifetime.
Exciton state-selective femtosecond transient absorption spectra
According to the present wisdom, the electronic excitations in the B850 ring upon a short, femtosecond-pulse excitation are excitons that are partially localized by static spectral disorder [32, 33, 84] . The dynamic (temperature-induced) disorder that sets in with a time delay causes a structural relaxation of the lattice and further stabilization of the exciton in the form of an exciton polaron [23, 57, 69] . This exciton polaron relaxation is known to occur in the LH2 bacterial antennas with a time constant on the order of 10 − 13 s [26, 39, 45, 46, 85, 86] . As follows we are comparing the transient pump-probe differential absorption spectra of isolated and membrane LH2 complexes upon spectrally narrow (5 nm FWHM) pulse excitation. The narrow pump pulses are applied to resonantly excite selected exciton states under the apparently smooth absorption bandshape. The used approximately Gaussian pump pulse shapes with respect to the absorption spectrum of the isolated LH2 complexes at 5 K are shows in Fig. 9a . Demonstrated in Fig. 9b are the calculated lowtemperature absorption spectrum of an ensemble of the spectrally disordered B850 aggregates of LH2 (red line) and the corresponding distribution of the exciton states (DOS, black bold line). The shapes drawn with thin black line represent ensemble distributions of the 18 individual exciton states: k = 0, −1, +1, − 2,… +8, 9, as counted from the low-energy side. The model parameters and simulation details can be found in [23] . The excitation pulses have possibly been chosen to spectrally overlap with the main peaks of DOS, as shown in Fig. 9b . Fig. 10 presents the transient absorption difference spectra of isolated and membrane LH2 complexes recorded at various delay times between the 200-fs pump and probe pulses. The time zero is arbitrarily defined as the time when the signal first time surpasses the noise level. The spectra chosen for the presentation are excited (from top to bottom) at blue side (840 nm), at maximum (850 nm), and at the very red edge of the B850 absorption band (874 nm in complexes and 880 nm in membranes). As can be checked from Fig. 9 , these excitations roughly overlap with the k = ±2, k = ±1, and k = 0 exciton states, respectively. The same states appeared prominent with respect to selective spectroscopy data (see Fig. 5 ). The transient difference spectra generally consist from positive-and negative-sign parts that correspondingly represent radiation absorption from the optically excited electronic state (further termed as the excited-state absorption, ESA), and a combined effect of bleaching of the ground state absorption (GSA) and stimulated emission from the excited electronic state (SE).
From the very first sight it is clear that the spectra of the complexes in Fig. 10 are more clear-cut than those of the membranes. This is consistent with the above conclusion of larger spectral disorder in membranes. As one might expect, the initial, femtosecond time-range spectral dynamics significantly depends on excitation wavelength. While at high-energy excitations of 840/850 nm, it takes time for the bleached part of the spectrum to relax into a twopeak structure, the same structure is there from the outset in case of the low-energy excitation of 874/880 nm. At the latter excitation, both samples acquire clear, stable two-peak structure, which still is more structured in isolated complexes. These two spectral peaks, one at~850 nm and the second, at 870-880 nm originate from the GSA and SE, respectively (see Fig. 11 for more detailed discussion).
Essentially different dynamics of transient spectra in case of isolated and membrane LH2 complexes is evident from the inset of Fig. 10 , where the position of the bleaching maximum is plotted against the pump-probe delay time. The initially similar dynamics, which involve the spectral shape evolution and red shift by almost 10 nm clearly diverge for the two samples past about 1 ps. While in isolated complexes the shift ceases, in membranes it continues into hundreds of picoseconds to nanosecond time range. This slow dynamics has been attributed to energy transfer processes among the spectrally inhomogeneous antennas of the extended photosynthetic membrane [39, 45, 46] . Origin of the initial fast dynamics plainly seen in isolated LH2 complexes is quite different. It is due to the exciton polaron relaxation [39] . Another estimate of this characteristic can be obtained from SE rise time measurements. Recorded between 860 and 910 nm, the SE rise time varies between 100 and 300 fs (not shown), in good agreement with the previous estimate [39] . Note worthily, the relaxed spectra measured at a "long", a few picosecond delay times depend on excitation wavelength not only in isolated but also in membrane samples (Fig. 11) . The spectra shift progressively to the red at longer excitation wavelengths. Moreover, the spectra excited at longer wavelengths develop more clear-cut structure. This is similar to the behavior we met above in the selective spectroscopy part and can naturally be explained analogously: by selective excitation within inhomogeneously broadened absorption spectra in the corresponding samples. At the far-red excitation, 874/ 880 nm, the bleach signal has two clearly distinguishable dips. The higher-energy dip is related to the GSA, while that at lower energy, to SE of an excited sub-population of the LH2 complexes. The splitting between the two dips, nearly the same at various pump wavelengths, is comparable with the Stokes shift of the low-temperature absorption and emission spectra in Fig. 2. 
Summary
In the present work, spectroscopic and kinetic fingerprints have been established that characterize the lowest-energy B850 electronic transitions in individual detergent-solubilized and membraneembedded LH2 antenna complexes from the photosynthetic purple bacterium Rb. sphaeroides. A few comparative data are also provided for LH2 and LH3 complexes from Rps. acidophila. Significant changes in energetics and dynamics of the antenna excitons upon selfassembly of the proteins into intracytoplasmic membranes have been observed and interpreted. The main conclusions drawn from these studies are as follows.
(i) Slight but characteristic differences between the shapes of functionally most relevant lowest-energy absorption/fluorescence spectra of the LDAO-solubilized and the native membrane-embedded LH2 complexes of Rb. sphaeroides exist over the whole 4-300 K temperature range. (ii) The membrane spectra are generally redder and broader than the respective spectra of isolated complexes. The relative shift of the absorption spectra is a prime result of a reduced exciton coupling in isolated LH2, most probably because of a loosened package of the protein scaffold in detergent micelles. Excitation energy transfer between the LH2 complexes present in membranes and absent in isolated complexes dominates the fluorescence spectral variations in these samples. (iii) Bigger inhomogeneous broadening in membranes explains their broader spectra at low temperatures. At the same time, the homogenous spectral characteristics of the B850 photoexcitations revealed under selective excitation in isolated and membrane LH2 complexes are rather similar. They imply strong exciton-phonon coupling (S≥2) and, consequently, the existence of exciton polarons/self-trapped excitons in the thermally equilibrated light-harvesting complexes. (iv) Relaxation of the initially excited excitons into exciton polarons/self-trapped excitons in the B850 antenna aggregates takes at low temperatures a few hundred femtoseconds. The complex excitation energy transfer present only in membranes proceeds on an extended time scale from picosecond to a nanosecond.
Many authors (see, e.g., [87] and references therein) have reported about reversible shifts of the room-temperature absorption spectra of bacterial antenna proteins upon variation of the detergent concentration. In our own experience, we have learned that decreasing the LDAO concentration down the level where the LH2 complexes start to stick together (the critical concentration being ≤100 detergent molecules per LH2 protein [22] ) leads to a gradual red shift of the absorption/emission spectra, a none single-exponential fluorescence decay, and other effects typical for the aggregates that support excitation energy transfer between its monomeric subunits. All the observed spectral and kinetic modifications take place between the limits set by isolated complexes from one side and intact membranes from another side. These results thus indicate robust and practical spectral and kinetic criteria for discrimination against aggregation of the photosynthetic light-harvesting complexes. We hope that the present data also contribute into understanding of various elements related to stabilization, purification, and storage of the membrane proteins. 
